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a  b  s  t  r  a  c  t
The phenomenon of chemical degradation of mild steel materials under ethanol environ-
ment  is becoming alarming. In order to study the electrochemical, thermal and mechanical
behaviour of gray cast iron in this environment, this paper deals with the investigation of
gray  cast iron sample in varying concentrations of different ethanol blend solution. The
electrochemical behaviour of gray cast iron sample was studied in ethanol concentrations
of  A – 42%, B – 40%, C – 28%, D – 43% and E – 45% using distilled water as control medium.
Observations of the microstructures after the test showed that mainly oxides and corro-
sion  products dominate the surfaces. However, some areas showed some cracks which are
less severe. Also, the thermal gravimetric analyses of samples after the electrochemical
test  showed that, there was reduced thermal decomposition which suggests its good per-
formance for gear application. Further to this, the micro-hardness results showed that thematerial maintained its mechanical properties despite the interactions with the solvents.
©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
Y-NCCC  B
.  Introduction
roduction and packaging of blended ethanol beverages has
any  consequences on engineering materials especially bot-
le packaging plants at large due to the presence of chemical
dditives and consistent flow of water during sterilisation pro-
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cess. Cavitation erosion and micro pitting have been found
to be the major failures associated with certain engineering
components such as pump impeller and gears [1]. Ethanol
as a solvent contains a hydroxyl group which have the abil-
ity to dissolve ionic compounds [2]. For instance, Tomić et
al. [3], noted that chloride ion is present in ethanol blended
with gasoline which can cause some uncertainties as a bio-
based fuel. The chloride ions have the ability to penetrate
through the surface asperities to the oxide films on mild
steel, adsorbed on the surface of the metal and destroy the
n open access article under the CC BY-NC-ND license (http://
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Table 1 – Chemical composition of gray cast iron.
C Si Mn S P Fe7530  j m a t e r r e s t e c h n
protective surface of the mild steel paving way for eventual
corrosion [4]. Corrosion of steel has been a serious challenge to
many  researchers and scientist because of the low corrosion
resistance especially in ethanol and water environment. For
instance, droplets of this fluid on steel form a shock wave  and
attack the surfaces of components made from steel [5]. Conse-
quently, the component being subjected to repeated rotation
at high speed fails due to fatigue which eventually affects the
overall productivity and machine reliability [6–8]. Indicating
that, the certain additives in ethanol beverage can change the
dynamics of material constituents, which introduced some
unintended consequences in the machine components. Cor-
rosion of mild steel in ethanol, water and acid is known to
have posed huge loss to the industries as well as the society
at large [9]. Although, many  attempts have been made through
various research involving the use of corrosion inhibitors. But,
several hazard associated with chemical inhibitors have made
researchers to focus on alternative material which can func-
tion in a corrosive environment [10–12]. Implying that the
use of inhibitors for protection of metals is still a problem
for material scientists. Based on these highlighted problems
associated with mild steel, the issue of mild steel corrosion
in ethanol and water environment can be addressed using
alternative materials (like the gray cast iron) for developing
components which can function in such aggressive environ-
ment. Gray cast iron is widely used in engineering applications
owing to its, damping ability and lower cost [13]. It is one of
the alloys with excellent tribological properties and it is suit-
able for gear applications [14]. Neville et al. [15], noted that
the interactions between engineering components and elec-
trochemical processes causes loss in weight which eventually
affect the component performance in such environment. More
so, the weight loss depends on the time of exposure, mass
transfer and volume concentration of the environment [16].
Despite the problems associated with corrosion of metals,
gray cast iron still finds applications in some environment. For
instance, Al-Shama et al. [17], reported that cast iron survive
in acidic environment due to the presence of certain inhibitor.
Also, studies have revealed that certain modifications of gray
cast iron helps in improving the mechanical properties of the
material. For instance, chromium,  nickel and molybdenum
addition to gray cast iron resulted into a modification of the
surface making it hard for subsequent applications [18–20].
Thus, these improved properties in gray cast iron deem it fit
for use in certain aggressive environment. For instance, heat
treated nodular cast iron showed better corrosion resistance
and improved wear properties when subjected to sodium
hydroxide solution [21]. Therefore, to address the challenges
of long term and efficient performance of gear components,
gray cast iron is preferable because of its better corrosion prop-
erties, resistance to deformation, resistance to oxidation and
high compressive and tensile strength. Thus, gray cast iron
is a promising alternative materials to be used in gears and
other engineering components that can function in aggres-
sive environment. This work therefore, focus on investigating
the effects of electrochemical processes on the microstruc-
tural and the thermal gravimetric properties of coupons of
gray cast iron subjected to varying concentrations of ethanol
beverage blend solutions. Hence, a new approach desirable in2.68 1.42 0.63 0.13 0.28 94.86
mitigating the pitting corrosion in spur gears made from mild
steel.
2.  Experimental  details
2.1.  Preparation  of  the  substrate  (gray  cast  iron)
The studied gray cast iron is of grade HT250 with chem-
ical composition as displayed in Table 1 with dimension
30 mm × 30 mm × 10 mm).  Substrates were mounted to pro-
tect the edges from destruction during grinding and polishing.
Additionally, polishing was done using different grades of SiC
abrasives to remove the surface oxides and finally cleaned in
4% mixture of alcohol and nitric acid (nital) at room temper-
ature for the purpose of etching the substrate to reveal the
matrix of the microstructure. Fig. 1a showed the microstruc-
ture of the as received gray cast iron, while Fig. 1b showed the
optical micrograph of the substrate after etching in nital. Both
(Fig. 1a and b) showed flake graphite and pearlite which is an
indication of white cast iron properties [22].
2.2.  Electrochemical  measurement
The corrosion rate measurement of the gray cast iron sample
in varying concentrations of different ethanol blend was eval-
uated by potentiodynamic test. The corrosion test of gray cast
iron sample in different blend of the ethanol solution was car-
ried out at room temperature of 27 ◦C [13] with each sample in
50 mL of the ethanol blend at varying pH as shown in Table 2.
The reference electrode was immersed into the solution for
60 min  to achieve the stability of cyclic potentiodynamic polar-
isation test while tafel extrapolation and linear polarisation
were measured at a scan rate of 0.005 v/s. In this test, data
were obtained and recorded using autolab controlled poten-
tiostat integrated with software (Nova 2.1.2) of built version
6333.
2.3.  Determination  of  polarisation  resistance
The polarisation resistance was determined using the basics
of corrosion measurements adopted from Princeton Applied
Research. The principle was applied to measure the absolute




where; E/i = slope of the polarisation resistance plot, E
is expressed in volts and i is expressed in A. The
slope has units of resistance, hence, polarisation resistance.
ˇAˇC = anodic and cathodic Tafel constants (which were deter-
mined from a Tafel analysis in the Nova 2.1.2 software.
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Fig. 1 – (a) SEM morphology of as received gray cast iron (b) Optical micrograph after etching the as-received gray cast iron in
4% natal.
Table 2 – Properties of Ethanol blend solution.
S/N Sample ID % Conc. pH Conductivity
(s/cm)
Control H2O – 7
1 A 42 6.5–7.5 <5
2 B 40 5–6 50–140
3 C 28 5–6 50–140























(Fig. 3). Additionally, the presence of water and oxygen could5 E 45 6.5–7.5 <5
.4.  Characterisation  study
he surface morphology of each of the gray cast iron sample
sed for the corrosion test were further characterised using
canning electron microscope integrated with Energy Disper-
ive Spectroscopy (SEM/EDS VEGA3 TESCAN) to detect the
henomenon and the possibility of material behaviour as a
esult of its interaction with the ethanol environment.
.5.  Microhardness  test
he sample surface was ground using 180, 400 and 600 grit
ize SiC carbide abrasives. They were later polished and rinsed
n alcohol and allowed to dry. Vickers hardness tester was
mployed in determining the indentation of each sample. A
orce of 500 N and dwell time of 15 s was selected. The size
f indentation was measured for each sample as left by the
yramid shaped indenter on the sample surface.
.6.  Thermal  gravimetric  test
 mass of 2.8350 g was ground to maximise the surface area of
he sample so as to improve the resolution and a temperature
◦f 30 C/min was applied for all the sample to ensure repro-
ucibility. Universal V4.5A TA Instruments was used for the
hermal stability as well as the decomposition kinetics of gray
ast iron.3.  Results  and  discussion
3.1.  Corrosion  study:  weight  loss  measurement
The weight of each sample was measured at the end of each
polarisation resistant test to understand the weight loss pro-
cess as a result of the media. Fig. 2 presents the plot for the
potentiodynamic weight loss. The average weight loss of each
sample was measured using a weighing balance. The result
revealed that the weight loss of gray cast iron samples in the
media increases over time with sample E-45% alc. Vol. con-
centration showing aggressive weight loss of 0.0008 mg  and
sample C 0.0007 mg.  Water which served as control test solu-
tion also showed a rapid weight loss of about 0.0007 mg.  Cast
iron sample (B) showed a reduced weight loss of 0.0002 g. The
trend of weight loss for each sample is a function of exposure
time as well as the concentration of the solution. Thus, sam-
ple E-45% showed more  aggression of weight loss compared
to sample C and B. However, with a minimal difference of
0.0001 mg  with the control sample (water). Hence, the weight
loss of sample in control medium (water) was rapid due to the
fact that water contain fast ions, thus, the possibility of the
gray cast iron sample losing part of its surface.
3.2.  Linear  potentiodynamic  study
Potentiodynamic study showed that there was a reduction in
both the anodic and cathodic reactions thereby causing reduc-
tion in corrosion density as it is obvious that they all tend
towards the negative side (Fig. 3). Although, the ethanol blends
are mixtures of additives (water) which actually made the
solution a weak acid, but predominantly ethanoic. Thus, slow
corrosion rate was observed based on the polarisation curvemake the ethanol solution to exhibit an inhibition behaviour,
thereby leading to wet corrosion. Moreover, there was discon-
tinuity in the oxide film formation at the interface of the gray
7532  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):7529–7539
Fig. 2 – Potentiodynamic weight loss measurement for various samples.
Fig. 3 – Potentiodynamic behaviour of differ
Table 3 – Polarisation study.
Sample ID ECorr (V) ICorr (A) Polarisation
resistance (RP) ()




Fig. 5 represent the surface morphology of the sampleE −0.48532 −2.1603E−07
Control H2O
cast iron material which made it impossible for the metal to
repassivate, and corrosion occurs slowly [23].
Further to this, from the tafel plots, all the ethanol samples
could be observed to have their current density tending to the
negative region compared to the control sample (water) which
exhibited a slight current density on the positive mode. This
is an indication that the ethanol samples exhibited an anti-
corrosion behaviour [24].
The polarisation resistance result for each sample is pre-
sented in Table 3. It could be observed that there seems to
be an excellent correlation between the polarisation resis-
tance and the measured weight loss as seen for the sample A
(Table 3). They both exhibited negative current density (Fig. 3ent ethanol solutions on gray cast iron.
and Table 3). Although, the linear polarisation resistance mea-
surement is instantaneous which made it more  powerful,
compared with the weight loss technique that depend on mea-
sured period in order to determine the corrosion rate. Thus,
gray cast iron was observed to thrive well in such electrolyte.
3.3.  SEM/EDS  studies
Fig. 4 showed the microstructure of gray cast iron sample after
the corrosion test in distilled water. It consists of graphite
flakes and carbide layers at the metal interface but observed to
be more  concentrated at the boundaries. Compared with the
surface morphology of as received gray cast iron (Fig. 1a), dis-
tilled water seems to have corroded the sample. Also, the EDS
result showed that silicon was present (1.0%) thus, increas-
ing the volume of graphite layers [25]. More so, chromium and
manganese presence improved the hardness of the surface
thereby increasing the wear and corrosion resistance of the
distilled water [26].immersed in 42% alc. Vol. concentration of the test solution. It
could be observed that oxide films were deposited at the sur-
face of the metal. Also the oxide films formed on the cast iron
j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):7529–7539 7533






















Fig. 5 – SEM/EDS of gray cast 
ere observed to be uniform in thickness across the interface
nd they formed layers over one another. The oxide formed
ay be due to consistent reaction of the specimen with oxygen
hich is always desirable when the oxide is formed at room
emperature because of its effectiveness in preventing corro-
ion attack. The EDS analysis revealed that the material is rich
n iron, about (88.1% Fe). The presence of chromium enhanced
he stability of the oxide film because of its high binding energy
nd it plays important function in the corrosion resistance
s well as hardening mechanism of metals. Hong et al. [27]
eported that Chromium, can be used to distribute oxide on
lloys, thus it is worth saying that Cr element can be used to
isperse and stabilise oxide on the metal surface.
Also Fig. 6 show the surface morphology of sample B in 40%
est solution of ethanol beverage blend. Severe and localised
racks were observed at the interface. Also observed are white
eposit which almost indicate the presence of chloride in the
est solution. From the EDS result, the metal consists of oxide
ompound such as Fe, O, Cu, Mn,  Si, Cr and S. Nickel has a
ittle percentage of about 0.5 which is formed as a result of
he penetration of the test solution at the interface. Thus, thesample in (A) in 42% alc. Vol.
contact between the oxide and the metal interface will result
to corrosion defects which are observed on the surface.
Furthermore, Fig. 7 displayed the surface morphology and
the EDS result of sample C subjected to corrosion test in 28%
alc. vol. concentration. The entire surface was observed to be
dominated with dark and white spot in the form of corrosion
product. The findings from the EDS analysis showed that Fe,
F, Si and O are the major element present. Silicon presence
indicate iron carbide formation which might be the result of
the white deposit observed at the interface.
The surface morphology and EDS result of sample D in
43% concentration of the test solution is presented on Fig. 8,
whitish and thin oxide layers were observed. The EDS result
also showed the presence of Fe, O, Si, Zn, Mn, Ca and Cr. The
presence of iron prevents cracking of the surface, while oxy-
gen reacts with silicon to form silicon oxides on the surface
while manganese presence promotes pearlite formation. Fig. 9
presents the surface morphology of sample E of 45% concen-
tration of the test solution. The microstructure is dominated
by white corrosion product and evidence of groove at the inter-
face with no severe surface damage at the interface. The EDS
7534  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):7529–7539
Fig. 6 – SEM/EDS of gray cast iron sample in (B) in 40% alc. Vol.
Fig. 7 – SEM/EDS of gray cast iron sample in (C) in 28% alc. Vol.
Fig. 8 – SEM/EDS of gray cast iron sample in (D) in 43% alc. Vol.
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Fig. 9 – SEM/EDS of gray cast iron sample in (E) in 45% alc. Vol.

















esult showed that the gray cast iron have high percentage of
ron present and fractions of other component element.
.4.  Thermal  gravimetric  analyses
tability analysis of the cast iron metals subjected to weight
oss was carried out using thermal gravimetric analyser. Fig. 10
resent the thermal gravimetric analysis of the control sam-
le. In this case, the highest temperature was reached at
90 ◦C. This indicate that thermal stability can be determined
t this point. The effect of heat flow on the sample mass loss
as investigated using the same heating rate of 30 ◦C/min
or all sample. It was clear that the peak temperature indi-
ates the thermal degradation point for each sample. The
ndings from this work is in line with study by Zhang et al. [28]
hich reported that TGA is fundamentally used to measure
he evolved mass loss of samples under temperature condi-
ion and atmosphere. Fig. 11 showed the thermal behaviour of2.8350 mg  of cast iron material subjected to initial heating at
30 ◦C/min. Gradual weight loss was observed from the starting
temperature up to a temperature of 410 ◦C. Consequently, ini-
tial thermal decomposition started at the temperature 410 ◦C
up to 995 ◦C. this indicate that there was weight loss of about
0.002 deriv. weight (%/◦C) of the material. Hence, thermal
degradation will ensue under real life application.
Fig. 12 showed sample B thermal behaviour which indi-
cate that there was a rapid weight gain from a temperature of
30 ◦C/min up to 350 ◦C. Also, from this point the curve showed
a decrease in the trend indicating that there was weight loss in
the material. Thermal stability of the material was observed
at 350 ◦C up to 990 ◦C. Consequently, with the initial starting
temperature of 30 ◦C/min. Also, sample C (Fig. 13) showed a
similar trend in weight loss. However, the thermal stability
was observed at almost the final heating temperature which
indicate that it took more  time for it to decompose. Also, Figs.
14 and 15 showed similar trend in weight loss as both had
7536  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):7529–7539
Fig. 11 – DSC–TGA curves of gray cast iron in sample (A) 42% alc. Vol. conc.
Fig. 12 – DSC–TGA curves of gray cast iron in sample (B) 40% alc. Vol. conc.
Fig. 13 – DSC–TGA curves of gray cast iron in sample (C) 28% alc. Vol. conc.
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Fig. 15 – DSC–TGA curves of gray ca
heir thermal decomposition at 280 ◦C. However, there seems
o be slight variation in the rate of weight loss which can be
ttributed to the initial sample size or mass.
Thus, in both cases, weight loss occurred due to thermal
egradation. However, it is less in gray cast iron due to the
resence of graphite which served as lubricant. Hence, gray
ast iron material will function better under the application
nvironment.
.5.  Micro-hardness  measurements  of  the  gray  cast
ron samples  after  immersion  testig. 16 showed the variation in hardness values of the gray
ast iron material after the weight loss experiment. Due
o carbon existence in the gray cast iron which is in theon in sample (E) 45% alc. Vol. conc.
form of graphite, soft iron of reduced density was formed
during the test. Also, the presence of sulphur in cast iron
forms iron sulphide which increases the hardness. Thus, there
was no much variation in the hardness values due to the
aforementioned properties of cast iron in general. However,
the micro-hardness of sample E reduced drastically to about
190.01 Hv compared to as-received material. This might be
as a result of the additives present as well as the concen-
tration of the test solution. Further to this, based on the
result of the hardness behaviour of gray cast iron in the
ethanol blend solution, it is worthy of note that gray cast
iron showed good corrosion resistance. Thus, the gray cast
iron material showed minimal reduction in hardness values
in the ethanol solutions due to the presence of graphite and
chromium.
7538  j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):7529–7539
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r
Fig. 16 – Plot of micro-hardness for gray cast i
4.  Conclusion
The result of the present study has demonstrated that, the
behaviour of gray cast iron in varying concentrations of differ-
ent ethanol blend varies due to different concentrations and
additives. The effects on microstructure, weight loss and ther-
mal  gravimetric were investigated to determine the integrity
of the cast iron material under environment of application.
More so, the improvements on the corrosion rate by the
ethanol media demonstrates their individual compositions
and this suggests the possibility of employing gray cast iron
materials in such application environment.
The microstructural evolutions showed that, the surface
asperities formed adsorbents or reactive atoms to prevent oxy-
gen and the test solutions from penetrating through. This is
the reason behind the oxide formed at the surface of most of
the microstructure. Further to this, the thin oxide films formed
multilayers on the surface of the metal and subsequent corro-
sion protection. Also, stress induced fatigue which could have
resulted to increased wear would be reduced.
The TGA analysis showed that various weight increase
was due to surface oxide formed while weight loss occurs
as a result of oxidising atmosphere. These findings guide
in understanding the concept of thermal runaway in which
temperature increase in the material causes the change in
the behaviour of the structural compositions and subsequent
destructive results such as thermal stress. Comparison of the
micro-hardness result of the samples in the different test
solutions with the as received showed minimal reduction in
hardness value. This however, implies that, the gray cast iron
will survive in the ethanol environment over a long period
of time. Summing up, the electrochemical study and thermal
gravimetric behaviour of gray cast iron in ethanol environment
demonstrates the possibilities of controlling the process of
material selection for gear applications in such environment.Conflicts  of  interest
The authors declare no conflicts of interest.amples immersed in different test solutions.
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